The Boltimann equation for electrons is analyzed for a low-pressure inductively coupled rf discharge in argon driven by a planar-coil. Spatially resolved probe measurements of the electron distribution function (EDF) indicate that the total energy of electrons is an argument of the EDF. Pressure dependence of the light emission distribution is explained on the basis of nonlocal electron kinetics. -Inductively coupled rf discharges are currently being investigated as plasma sources for material processing.' For the pressure range of interest, l-100 mTorr, the electron energy relaxation length exceeds the characteristic discharge dimensions (of the order of 10 cm) and the electron distribution function' (EDF) is not in equilibrium with the local electric field (see for example Ref. 3 and references therein). In such a nonlocal regime, a kinetic treatment of electrons is necessary to calculate the ionization rate, plasma density, electron current density, etc. In this letter we analyze the main consequences of nonlocal electron kinetics by examining the Boltzmann equation for a given spatial distribution of electric fields (both electrostatic and rf fields) to explain experimental data for a planar inductively coupled discharge in argon. The discharge's most distinguishing feature appears in the spatial separation of electron heating and ionization. Though the electron heating occurs in the region of a high rf field, a substantial portion of ionization is produced near the maximum of the electrostatic potential where the rf field is absent.
Inductively coupled rf discharges are currently being investigated as plasma sources for material processing. ' For the pressure range of interest, l-100 mTorr, the electron energy relaxation length exceeds the characteristic discharge dimensions (of the order of 10 cm) and the electron distribution function ' (EDF) is not in equilibrium with the local electric field (see for example Ref. 3 and references therein) . In such a nonlocal regime, a kinetic treatment of electrons is necessary to calculate the ionization rate, plasma density, electron current density, etc. In this letter we analyze the main consequences of nonlocal electron kinetics by examining the Boltzmann equation for a given spatial distribution of electric fields (both electrostatic and rf fields) to explain experimental data for a planar inductively coupled discharge in argon. The discharge's most distinguishing feature appears in the spatial separation of electron heating and ionization. Though the electron heating occurs in the region of a high rf field, a substantial portion of ionization is produced near the maximum of the electrostatic potential where the rf field is absent.
The discharge is driven by the electric field from a spiral coil placed on the dielectric roof of a squat cylinder with metallic walls and bottom (Fig. 1) . The azimuthal r-f field EB is localized in the vicinity of the antenna and peaks in an annular region at roughly half of the chamber radius. The electron heating mechanism depends on the relative magnitude of the three characteristic dimensions: field penetration depth S, electron mean-free path h, and the length V/W which electron passes during the field period." When X is the smallest of them, the ohmic heating take place, when the smallest is 6, the collisionless heating is expected to occur.5
Since the electron energy relaxation length exceeds the spatial scale, the total energy E=W -e +(z,r) is the argument of the EDE6-* The observed profile of the electrostatic potential &,r) is shown schematically in Fig. 2 . Curves 1 and 2 correspond to axial distribution of &z,r) at r =0 and at the point r-a, where the maximal amplitude of the rf field is reached. The potential of the metallic wall rl with respect to the plasma exceeds the excitation potential E*. The dashed area indicates the region in (~,z,r) space where inelastic collisions occur. The electrons with E>E* have a kinetic energy M, sufficient for excitation only in a region slightly above curve 3, where their potential energy is approximately zero.
We will consider here the case of small anisotropy of the EDF when the conventional two-term approximation is applicable f=fo(~,z,r)+v/u.fi(~~,r,t), where fr<fe. For the rf field Ee(z,r,t) =EO(z,r)eiwt, neglecting the energy loss in elastic collisions and electron-electron collisions, the kinetic equation can be written in the form '- 
where I, and V* are the momentum transfer and inelastic collision frequencies (Z&V*), and D,=e'Z&z,r)u"v/ 3(j+02).
For o+v* the function fe is modulated only slightly and can be assumed constant. The last term in Eq.
(1) representing the electrons which have suffered inelastic collisions is written for the simplest case of the excitation of a single effective level with energy E*. The rf heating results in diffusion in E. The energy diffusion coefficient D, vanishes at z> S and depends on r for z<S. 
in the point r. of maximal rf field strength, e=-e4(ra,z).
Curves 3 and 4 shifted by 6 with respect to curves 1 and 2 indicate the region in (E,z,T) space where inelastic collisions take place. The heating occurs mainly at zi 6.
The electrons with e<er are trapped. Since their energy relaxation is slow compared to spatial diffusion, the EDF for e<el depends only on E.~-~ The low-energy electrons originate from ionization and inelastic collisions. They cannot overcome the ambipolar potential barrier and,reach the region where the heating take place. Their only relaxation mechanism is electron-electron collisions. So an EDF slope change may be observed at E=Q (Fig. 2) when the diffusion in E switches on. At energies eE>eb when the source of slow electrons and e-e collisions can be neglected in Eq. (l), the EDF has the form f"=A. (-o (v(d&d) 
The spatial averaging ( ) designates the integration over the region bounded by E= -e$(r,z) which is available for electrons with energy E. The normalization constant A is governed by the plasma density and the upper limit ea is determined by matching the EDF tail (in the absorbing-wall approximation g=e*). For electrons with small energy e, the averaged diffusion coefficient in Eq. (3) is small. The more energetic electrons penetrate deeper into the rf field region and their energy diffusion is large. Consequently, the EDF slope is large at low energies and diminishes with the energy growth.
All these features are observed in the experiment. Spatially resolved probe measurements were carried out in a planar 20-cm-diam by a 14-cm-long inductive coupled rf discharge in Ar driven by a spiral coil at 13.56 MHz with a pressure range lo-100 mTorr and power levels 100-200 W.9 In Fig. 3 , the EDFs measured at different points across the radius (a) and along the axis (b) are given as functions of the total electron energy. The EDFs coincide over the measured range of total energy and are shifted by the local ambipolar potential.
Regardless of the ionization mechanism, the wall potential in the nonlocal case must exceed the excitation potential e,>e*. The energy relaxation of the fast electrons E&Z* is characterized by the length X*=h m. If X' exceeds the characteristic discharge dimension L, the EDF in the region e*<e<e, depends only on E and falls off with the energy scale T, -e(Eo)h* &z*, where {Eo) is the spatially averaged value of the rf field. Since the total number of ionization events (and thus the total number of events involving loss to the wall) falls off exponentially with increasing of (er-E*), the value of (et-e*) cannot exceed a few T, in the case of stepwise ionization (in the case of direct ionization, the value of er should correspondingly exceed the ionization potential). As the probability for loss to the wall for an electron with e>el is much larger than the probability for an inelastic collision in the case h*>L, the wall potential can be estimated as (4) where y<l is the probability of ionization relative to excitation events.
-4t energies E>er (see Fig. 2 ) electrons can escape to the metallic wall and the EDF becomes a function of the spatial coordinates. As trapped electrons give zero contribution to the current, only free electrons with e>er are responsible for the electron current transport. For the metallic surface the ion and electron fluxes should be equal integrate~d over the entire surface. As the energy diffusion occurs in the vicinity of the 
Since the characteristic time for the wall loss is shorter than that between inelastic collisions, h*>L, only the first two terms in Eq. (1) can be kept in the energy range e?>e>et. At L-R, the calculation of the EDF in this energy range constitutes a two-dimensional problem. The EDF at e>max [.&-)] falls off with the scale T,--eEo~~TI. The difference [E?(Y) -EJ is defmed by the local ion flux into the dielectric wall at a point Y.
Fast electrons are responsible for the ionization and excitation of atoms. The light emission maximum observed experimentallyr" near the heating region (Fig. 4) is mainly due to the free electrons (localized above curve 4 in Fig. 2) . The trapped fast electrons (which have kinetic energy sufficient for excitation in the region above curve 3 in Fig. 2) are responsible for the second maximum of light emission observed near the potential maximum at low pressures [Fig. WI.
If L>X*, the EDF becomes a function of the spatial coordinates even at E>E* and is enriched by the fast electrons at distances less than A* from the heating zone. For this case, the emitted light intensity decays outside the heating zone with the spatial scale h* (X*-4 cm at 50 mTorr for 15 eV electrons). If the energy loss in inelastic collisions is faster than energy gain by the ambipolar field, the emission maximum in the center disappears [ Fig. 4(b) ]. Self-consistent discharge modeling involving the proposed electron kinetics is in progress. A quantitative comparison with the experimental data'>" will be published elsewhere.
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